Abstract-A high-speed optically controlled microwave photonic (MWP) reconfigurable dual-band filter is presented, which is achieved using a Lyot loop filter for spectrum slicing and ultrafast nonlinear polarization rotation (NPR) effect in a semiconductor optical amplifier for high-speed tuning. Through the control of optical pump power, the MWP filter is switchable between four different operation states-all-block state, dualband state, and single-band state with two different passband frequencies. The use of NPR greatly increases the tuning speed of the MWP filter to gigahertz range, making it capable for high-speed tuning in dynamic multiband applications. The four operation states and high-speed adjustment significantly improve operation flexibility of the filter. Furthermore, good passband quality is also obtained that the sidelobe suppressions of both passbands are over 40 dB with clean and sharp passband profiles, providing good filter selectivity.
I. INTRODUCTION

R
ADIO frequency (RF) bandpass filters are essential components for selecting desired frequency signals and removing unwanted interference signals. The RF bandpass filters with more than one passband and high-speed reconfigurability have become increasingly desirable in recent years, due to the high demand of multiband signals in a wide range of RF systems, including multiband wireless systems, multiband satellite systems, and multifunctional devices [1] , [2] . Although the conventional RF electronics approaches are onchip compact design, most of the multiband filters are built by cascading multiple resonators, which are inflexible or have limited tuning range and slow tuning speed, limiting their applications in dynamic multiband systems [3] - [10] . The microwave photonic (MWP) techniques have received great attention and brought a number of significant performance enhancements to various RF devices and systems, due to the unique advantages offered by photonics, such as high-speed operation capability, wide operation bandwidth, flexible tunability, and reconfigurability [11] - [16] . Unfortunately, these unique characteristics have not been fully explored in an RF filter design. Various studies for designing the MWP bandpass RF filters have been intensively reported in recent years, including the multitap delay line-based schemes [17] , [18] , the stimulated Brillouin scatteringbased schemes [19] , [20] , [30] , and the optical comb-based schemes [21] - [25] . However, most existing approaches lack the ability to support multiband operation within a particular frequency range that either only have one passband or have fixed periodic passbands with a wide frequency separation, limiting their multiband applications. RF bandpass filters with more than one passband within a designated frequency range is desired, but is difficult to achieve, since the corresponding optical frequency comb either has to simultaneously consist of multiple combs with different frequency spacings [25] or be spectrally sampled [24] . An MWP multiband bandpass filter with three reconfigurable passbands has been demonstrated [25] , where passband reconfigurability is achieved by manually adjusting the polarization controllers. Moreover, an MWP dual-band filter with two independently tunable passbands has been proposed [26] , where the passband tuning mechanism is based on wavelength adjustment of a tunable laser source. Although photonics brings good operation flexibility to an RF filter design, most of the tuning mechanisms are based on thermal tuning or mechanical tuning [25] - [30] , e.g., adjusting the polarization controllers, delay lines, heaters, or laser wavelengths, which can only support slow tuning speed of kilohertz range, limiting their application in dynamic microwave systems.
In this paper, an optically controlled reconfigurable MWP dual-band filter with gigahertz tuning speed is proposed and experimentally demonstrated. A Lyot loop filter with one piece of polarization maintaining fiber (PMF) is used to slice the broadband light source, and generate an optical comb with four different frequency spacing combinations. Correspondingly, four different operation states in the MWP bandpass filter is obtained, i.e., all-block state, dual-band state, and singleband state with two different frequencies. The switching between four different operation states is achieved by the ultrafast nonlinear polarization rotation (NPR) effect in a semiconductor optical amplifier (SOA), gigahertz reconfiguration speed between different states is experimentally demonstrated through the control of the optical pump power. To the Fig. 1 . Schematic of the optically controlled reconfigurable MWP dual-band filter. BBS: broadband source. EDFA: erbium-doped fiber amplifier. DFB: distributed feedback laser. SOA: semiconductor optical amplifier. P1-P2: polarizers. PM: phase modulator. PMF: polarization maintaining fiber. PD: photo-detector. DCF: dispersion compensating fiber. best of our knowledge, this is the first demonstration of an optically controlled RF filter with such high-speed reconfigurable capability. Furthermore, good passband quality and good filter selectivity are achieved, which are indicated by the 40-dB sidelobe suppression, as well as the clean and sharp filter profiles.
This paper is organized as follows. System setup and operation principle of the optically controlled dual-band MWP filter are presented in Section II. Section III describes the optically controlled Lyot loop filter based on NPR effect, and Section IV demonstrates the experimental results of the MWP dual-band filter with gigahertz reconfiguring speed. Finally, the conclusion is given in Section V.
II. SYSTEM SETUP AND OPERATION PRINCIPLE Fig. 1 shows the schematic of the optically controlled reconfigurable MWP dual-band filter. A broadband source is used as the light source, which is reshaped by a Gaussian profile optical filter and then spectrally sliced by an optically controlled Lyot loop filter. Polarizer P1 is aligned with P2 like a standard Lyot filter. The Lyot loop filter is an optical comb filter with switchable frequency spacings, which is controlled by the optical pump power from a distributed feedback (DFB) laser injecting into the SOA. An optical comb is generated after the Lyot loop filter and then modulated by the RF input signal through a phase modulator. Each comb lines works as a single tap, which is weighted by the Gaussian optical filter and then delayed by the dispersion compensation fiber (DCF). The Gaussian optical filter is used to apodize the amplitude of the taps, such that the passband sidelobes can be significantly suppressed and resulting in a clean bandpass profile with high sidelobe suppression; while the DCF is used to provide linear time delay for different wavelengths (filter taps). Finally, the modulated optical signal is fed into a photodetector and converted back to an RF signal [31] , [32] . In the experiment, a swept signal from a network analyzer (Keysight E5071C) is used as the RF input, while the output of the MWP filter is launched to the input of the network analyzer for measuring the frequency response of the reconfigurable MWP filter.
The optically controlled Lyot loop filter, shown in Fig. 1 (dashed box), is a modified version of a Lyot loop filter [33] , [34] (or a Solc filter [35] ), which uses a circulator-SOA loop to replace the manual polarization controller for fast optical frequency spacing tuning. The operation principle is shown in Fig. 2 . The circulator-SOA loop allows the light to propagate through a single piece of PMF twice, and the SOA is used for high-speed polarization state adjustment. As shown in Fig. 2 , the input optical signal is a linear polarized broadband light and is aligned at 45°with respect to the fast axis of the PMF. A phase difference of ϕ is obtained between the fast and slow axis after the light passes through the PMF, as given in (1). B and L are the birefringence and length of the PMF, and λ is the wavelength of the light. Then, the optical signal is launched back to the same PMF through the circulator-SOA loop and propagates in the opposite direction with a polarization rotation angle ( θ ). By adjusting the optical power of the pump laser, the polarization rotation angle ( θ ) can be changed to 0°, 45°, or 90°, and an accumulated phase difference ( ϕ) of 2 ϕ, ϕ, or 0 can be obtained at the output, which corresponds to a piece of PMF with an equivalent length (L e ) of 2L, L, and 0, respectively. Different equivalent PMF lengths will result in different frequency spacings ( ω) in the Lyot loop filter, which is determined by (2) in the following, where c is the speed of light. By controlling the optical power of the pump light, various frequency spacings can be obtained from the Lyot loop filter. As a result, an optically controlled comb filter with switchable frequency spacing is achieved, which is the foundation of the proposed reconfigurable MWP filter
Instead of adjusting the polarization rotation angles through a polarization controller manually, polarization states can be changed rapidly through NPR effect. The SOA together with the pump laser works as an optically controlled polarization controller for adjusting the polarization rotation angle inside the Lyot loop filter. With different optical pump powers, the effective birefringence of the SOA is changed, such that the broadband signal (probe) experiences different polarization rotation angles after propagating through the SOA [36] . By adjusting the optical power of the pump signal through an electrooptic intensity modulator, a polarization rotation range up to 180°can be achieved [37] , providing enough polarization rotation angle to tune the comb spacing of the Lyot loop filter. Furthermore, NPR effect is an ultrafast optics effect that has been proven to be able to operate at gigahertz rate [38] , enable high-speed tuning of the proposed MWP filter. Due to the counter-propagation of the optical pump and the broadband light, the optical pump is blocked by the circulator after NPR in the SOA and will not affect the rest part of the system.
The frequency spacing of the optical comb ( ω) determines the optical carrier frequency separation between taps in the MWP filter, which in turn governs the passband frequencies ( 0 ) of the MWP filter through (3). β 2 and L D are the group velocity dispersion and length of the DCF, which are fixed in an MWP filter. Therefore, the passband frequency is solely governed by the optical comb frequency spacing, which is optically tunable in the proposed MWP filter by adjusting the pump power being injected into the SOA. With different frequency spacing combinations in the optical comb, an optically controlled reconfigurable MWP filter can be achieved. The 3-dB bandwidth of the passbands is determined by (4) [22] , where δω represents the overall bandwidth of the Gaussian optical comb, which is also fixed in the MWP filter. As a result, the filter passband bandwidth is inversely proportional to the group velocity dispersion and the length of the DCF. With the use of different dispersion medium, bandwidth of the MWP filter can be adjusted correspondingly.
III. OPTICALLY CONTROLLED LYOT LOOP FILTER WITH SELECTABLE COMB SPACINGS
The experimental setup of the proposed system is shown in Fig. 3 . First, we investigated the performance of the NPR effect in an SOA. A laser source at 1550 nm is launched into the SOA as the optical pump, which is counter-propagating with the broadband source (probe signal). The SOA is driving at a constant current of 150 mA, and a polarization controller is used at the DFB laser output to optimize the NPR effect in the SOA. Fig. 4(a) shows the measured result of the polarization rotation angles under different pump powers; optical power of the pump laser is adjusted from −13 to +12 dBm. As shown in Fig. 4 , NPR effect is not significant when the pump power is relatively low (i.e., below 0 dBm), while the probe polarization starts to rotate significantly when the pump power is above +2 dBm. A polarization rotation angle of 45°i s obtained at a pump power of +4.9 dBm, and a 90°rotation is observed at a pump power of +10 dBm, which provides sufficient rotation angle for the optically controlled Lyot loop filter to achieve the desired comb spacings. Operation speed measurement of the NPR effect is shown in Fig. 4(b) , where a 1-Gb/s "10101100" nonreturn-to-zero (NRZ) bit sequence is modulated onto the pump laser through an electro-optic intensity modulator, as shown by the solid waveform. A polarizer is used after the SOA to translate the polarization rotation into amplitude change by blocking the probe signal when the optical pump is OFF. Optical pump power for bit "1" is set to +10.2 dBm to let the probe signal rotate by 90°through NPR, such that it can pass the polarizer when the control signal is a bit "1." Corresponding NPR response measured after the polarizer is shown by the dotted waveform in Fig. 4(b) , a 1-Gb/s waveform with the same bit sequence is observed, proving that the NPR effect can be operated at gigahertz speed. The rise/fall time of the resulted signal is ∼200 ps, which is mainly determined by the gain recovery time of SOA [39] .
By adjusting the optical pump powers, different polarization rotation angles are obtained at the circulator-SOA loop, resulting in an optical frequency comb with different comb spacings. Fig. 5 shows the Gaussian broadband optical source spectrally sliced by the Lyot loop filter with different optical pump powers for polarization control. The optical spectra are measured by an optical spectrum analyzer with a resolution of 0.8 pm. A piece of 9-m PMF with a birefringence of 6.33 × 10 −4 is used in the Lyot loop filter for generating the optical comb. During the experiment, the initial polarization rotation angle of the circulator-SOA loop is set to 90°, such that no comb is observed when the pump signal is OFF. Then, the pump power is gradually increased to obtain polarization rotation angles from 0°to 90°. As shown in Fig. 5(a)-(c) , optical combs with a Gaussian profile and three different comb spacings are observed. The resultant comb spacings are no comb, 0.66 nm, and 0.33 nm, corresponding to a piece of PMF with an equivalent length of 0, 9, and 18 m, respectively. The optical pump powers for different comb spacings are −13 dBm (pump OFF), +4.9 dBm, and +10.2 dBm, which correspond to polarization rotation angles of 90°, 45°, and 0°at the circulator-SOA loop, respectively. The corresponding relationship is summarized in Table I . When the pump power is set to 6.7 dBm, a polarization rotation angle of ∼20°is achieved, and a higher-order optical comb with two different comb spacings interleaving with each other is observed, as shown in Fig. 5(d) . The coexisting of two optical combs makes it possible to generate two different passbands at the same time in the RF domain, which results in the dual-band state of the MWP filter. The dual-band state is a combination of the two single-band states when the polarization rotation angle is set to a value between 0°and 45°, such that the corresponded two single passbands (single-band 1 and singleband 2 in Table I ) can be generated at the same time [27] . The 20-dB bandwidth of the Gaussian optical combs is 30 nm, and the extinction ratios are 20 dB for all the comb spacing combinations. It is worth noticing that the cross gain modulation effect is also happening when the pump power is ON, which can be seen from Fig. 5 . As the pump power increases, the overall power of the optical comb decreases. A 5-dB power change is observed when optical pump power of +10.2 dBm is used, as shown in Fig. 5(c) . 
IV. FAST RECONFIGURABLE MICROWAVE PHOTONIC DUAL-BAND FILTER
The frequency response of the MWP filter generated from the corresponding optical combs are shown in Fig. 6 , measured by a network analyzer with an intermediate frequency bandwidth of 3 kHz. A piece of 10.2-km DCF with a dispersion of −149.36 ps/(nm·km) (at 1530 nm) is used as the dispersive medium, and the polarization rotation angle at the Lyot loop filter is controlled by optical pump power. In Fig. 6(a) , no passband is observed since the optical pump power is OFF and the initial polarization rotation angle of the circulator-SOA loop is 90°, and the RF filter is working in "all-block" state. While in Fig. 6(b) and (c), the MWP filter is tuned to "single-band" state that only consists of one passband at either 1.1 or 2.2 GHz. The MWP filter is resulted from the Lyot loop filter with a comb spacing of 0.66 or 0.33 nm at optical pump powers of +4.9 or +10.2 dBm, respectively. By setting the value of optical pump power to +6.7 dBm, both the passbands at 1.1 GHz and 2.2 GHz are observed at the same time, and the MWP filter is working in "dualband" state, as shown in Fig. 6(d) . The weaker power observed at the 1.1 GHz passband is due to the carrier-suppression effect during the phase-modulation to intensity-modulation conversion process in DCF [29] . The corresponding rotation angles, comb spacings and passband frequencies under different optical pump powers are listed in Table I . The four different operation states of the MWP filter are fast switchable by adjusting the optical pump power launching into the SOA. Compared with the manual polarization controller-based tuning schemes [25] , [40] , the switching time between different operation states is significantly improved to gigahertz speed. Furthermore, the use of the SOA could further amplify the optical frequency comb. As a result, both the modulated signal and the amplified spontaneous emission noise are amplified, resulting in an increase in both the RF power and the noise floor at the MWP filter. The 30-nm-wide Gaussian optical comb provides a large number of taps for the MWP filter, resulting in good sidelobe suppression and clean filter profile. The total insertion loss of the MWP filter is ∼8 dB. Both the passbands at 1.1 and 2.2 GHz show uniform and clean filter profiles, with a sidelobe suppression of 40-dB and 3-dB bandwidth of 90 MHz.
Center frequencies and bandwidths of the MWP filter passbands can be adjusted by using different lengths of PMF and DCF, as described in (3) and (4). Fig. 6(a)-(d) (insets) shows the corresponding results when the DCF length is decreased to 4.1 km, while the length of PMF and other parameters of the system are kept same. As shown in Fig. 6 , two passbands with the larger 3-dB bandwidths of 200 MHz are observed at 2.4 and 4.8 GHz, which can be explained by (4) . Fig. 7 shows the measured results when two pieces of PMF of different lengths (9 and 55 m) are used, while the DCF length is kept at 10.2 km. As shown in (3), the passband center frequencies are adjustable by varying the lengths of PMF. When a piece of 9-m PMF is used, two passbands at 1.1 and 2.2 GHz are achieved; while two passbands at 6.8 and 13.6 GHz are resulted when the length of PMF is changed to 55 m. It can be seen that passbands at higher frequencies have wider bandwidth, this is caused by the difference in dispersion slopes of the dispersive medium (DCF) over different wavelengths [22] . A difference in noise floor power is observed at different PMF length, which is mainly caused by the length difference (i.e., insertion loss difference) between the PMFs. Since NPR is an ultrafast optical effect, switching between different operation states can be performed at gigahertz speed. To investigate the switching speed of the proposed MWP dualband filter, the power level of the pump light launching into the SOA is switched rapidly between −13 and +4.9 dBm with the use of an electro-optic intensity modulator, such that the MWP filter is switching between all-block state and single-band state with a passband at 6.8 GHz. A 0.85-Gb/s "10001000" NRZ bit sequence is used as the control signal with a rise/fall time of ∼130 ps, and a 6.8-GHz sinusoidal signal is launched into the MWP filter as the RF input signal. As shown in Fig. 8 , the input signal passes through the MWP filter and is well maintained during the single-pass state, and is blocked by the MWP filter during the all-block state. The transition time between the two states is within 200 ps, proving that high-speed switching of the MWP dual-band filter is achieved. A comparison of the tunability/reconfigurability as well as the tuning mechanisms among the state-of-the-art RF multiband filters is summarized in Table II, including both TABLE II   COMPARISON OF THE TUNING MECHANISM OF THE STATE-OF-THE-ART MULTIBAND RF FILTERS the RF electronics and photonics based approaches. As shown in Fig. 8 , the tuning speed is dramatically improved to tens of picoseconds level with the use of ultrafast NPR effect. Furthermore, it is worth noticing that the demonstration is based on a one stage Lyot loop filter with only one piece of PMF, such that center frequencies of the higher frequency passband is always two times of the lower frequency one. By adding another piece of PMF with a different length to the Lyot loop filter, the maximum simultaneous number of passband can be dramatically increased to 12 with various passband combinations [40] , [41] , which the passband number and frequency can also be rapidly reconfigured through NPR.
V. CONCLUSION
In summary, a high-speed reconfigurable MWP dual-band filter is proposed and experimentally demonstrated. An optically controlled Lyot loop filter with switchable comb spacings is used to generate the optical comb with different frequency separations, resulting in four different operation states in the MWP filter. The four states are all-block state, dual-band state, and single-band state with two different passband frequencies. The switching between different operation states is achieved by the use of ultrafast NPR in an SOA, and gigahertz speed tuning of the MWP filter is experimentally achieved. The MWP filter has a good selectivity that over 40-dB passband sidelobe suppression is obtained, with clean and sharp filter profile. Compared with the state-of-the-art multiband RF filters, this design significantly improves the tuning speed of RF filter to gigahertz speed, which can potentially fulfill the critical needs in dynamic multiband systems and high-speed microwave signal processing applications. Furthermore, larger operation frequency range and wider bandwidth are achieved by the MWP filter, with both the passband center frequency and bandwidth being adjustable to fit various applications.
